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Thrombin-binding aptamer (TBA) is a 15-nt DNA oligomer that efficiently inhibits thrombin. It has been shown that
TBA folds into an anti-parallel unimolecular G-quadruplex. Its three-dimensional chair-like structure consists of two
G-tetrads connected by TT and TGT loops. TBA undergoes fast degradation by nucleases in vivo. To improve the nuclease
resistance of TBA, a number of modified analogs have been proposed. Here, we describe anomeric modifications of TBA.
Non-natural « anomers were used to replace selected nucleotides in the loops and core. Significant stabilization of the
quadruplex was observed for the anomeric modification of TT loops at T4 and T13. Replacement of the core guanines
either prevents quadruplex assembly or induces rearrangement in G-tetrads. It was found that the anticoagulant prop-
erties of chimeric aptamers could be retained only with intact TT loops. On the contrary, modification of the TGT loop
was shown to substantially increase nuclease resistance of the chimeric aptamer without a notable disturbance of its

anticoagulant activity.

Introduction

DNA G-quadruplexes (GQ) have attracted much attention in
recent years primarily due to the discovery of their protective role
in telomeres and regulatory functions in the promoter regions
of some biologically relevant genes.! Another reason for the
increased interest in GQ relates to their roles in the formation of
three-dimensional structures of many DNA aptamers. Aptamers
are most often referred to as relatively short single-stranded DNA
or RNA oligonucleotides that are prepared by systematic evolu-
tion of ligands by exponential enrichment (SELEX) and show an
ability to bind to certain cellular proteins with high affinity and
specificity.? It has been shown that thrombin binding aptamer
(TBA) and aptamers binding to a number of HIV-1 proteins fold
into GQ structures.?

TBA is probably the most widely known DNA aptamer, as
evidenced by a large number of publications related to its bio-
chemical and structural properties. It forms intramolecular GQ
with two G-quartets in the core and three loops, one TGT and
two TT loops.”® It has been established that aptamer loops are
involved in recognition of the fibrinogen-binding site of the pro-
tein (exosite I) in a TBA-thrombin complex.” The most recent
model for the aptamer binding motif suggests that the TT loops
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act as a pincer-like system that embraces the protruding region
of thrombin exosite I while the TGT loop is being fully exposed
to the solvent.® Thrombin plays an important role in thrombosis
and hemostasis, functioning as the key enzyme in the conversion
of fibrinogen to fibrin. Therefore, thrombin is considered a pri-
mary target in the development of aptamer therapeutics for cer-
tain cardiovascular disorders. TBA specifically inhibits thrombin
in vivo at nanomolar concentrations.” The drawback of using an
unmodified TBA oligonucleotide is its sensitivity to serum nucle-
ases and fast clearance in the kidneys.

Modification of an aptamer with non-natural nucleotides is a
reasonable way to increase the in vivo stability of TBA. Because
chemically modified nucleotides are not natural substrates of the
polymerases used in SELEX, only a limited number of modified
aptamer analogs could be developed using this procedure. Non-
canonical N'TPs that are well tolerated by polymerases are mostly
2'-substituted RNA derivatives, including 2'-fluoro, 2'-O-methyl
and others."” The requirements for the type of polymerase show
wide variations depending on the nature of the modified NTDs.

An alternative route to modified aptamer analogs consists in
the selective modification of a natural prototype. A number of
TBA modifications have been developed to address thrombin
activity, nuclease resistance and lifetime issues. In particular,
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studies on TBA analogs containing 3’-3" and 5'-5’ junctions,
LNA residues, internucleotide phosphorothioates, 2'-fluoroarabi-
nose, isodeoxyguanosine and several other modified nucleotides
have been reported.™ Enhanced binding affinity to thrombin
and improved anticoagulant and antithrombotic properties have
been observed for certain TBA modifications.""?

In chis study, we report the modification of TBA with ano-
meric a-nucleotides (Fig. 1). Synthetic a-oligonucleotides
have been shown to be highly resistant to nuclease hydrolysis.”
Anomeric oligonucleotides may form hybrid parallel-stranded
duplexes with their unmodified counterparts. Various types of
DNA triplexes with anomeric and chimeric a-3 strands have also
been reported.”” However, there is only one previously reported
study on the formation of anomeric GQ. Anomeric phosphoro-
thioate oligonucleotide d(T,G,T,) was claimed to form paral-
lel GQ and to inhibit HIV with an IC,; of 0.5 wM.** Here, we
studied a set of chimeric -3 TBA analogs. Modified aptamers
with a-nucleotides at different positions were evaluated for their
ability to form GQ structures and to inhibit thrombin. We dem-
onstrate that modification of loop sites in TBA with a nucleo-
tides induces changes in both the thermal stability of GQ and
the inhibitory activity of chimeric aptamers. Nonetheless, loop
modifications still fit within the same type of unimolecular GQ.
In contrast, modification of the core guanines either prevents
GQ assembly or induces formation of an intramolecular GQ
structure with a different organization of G-quartets.

Results

Thermal stability of the chimeric TBAs

We differentiated loop regions from the quadruplex core for
selection of particular nucleotides to be replaced in the natural
prototype. Replacements were made separately in the core of the
GQ, in the central TGT loop, and in the TT loops. Two oli-
gonucleotides were designed to have modifications in both loop
regions or to contain only a nucleotides. Thus, 13 modified
aptamers were synthesized and studied in UV melting experi-
ments in 100 mM KCl at 295 nm as summarized in Table 1.

Transformation of nucleotides in either loop did not affect the
ability of chimeric TBAs to fold into GQ structures. Thermal
stabilities of modified aptamers fell within a wide 20 °C range
and showed dependence on the location of the nucleotide replace-
ment. Two modified aptamers (A3 and All) were characterized
by increased T  values compared with the natural prototype.
Modified oligonucleotides A2 and A5 were nearly as stable as
TBA. A hallmark of the three stable variants (A2, A3, and A11)
was the replacement with a thymidine at positions 4 and 13 in
the TT loop regions, while aptamer A5 had one modification at
position 13. The anomeric transformation in the other positions
of the loop regions did not benefit the stability of the modified
TBAs. The most notable stabilization was observed for aptamer
A3 (AT =9.3 °C), with modifications at positions 4 and 13.

Modification of the core guanines displayed an entirely differ-
ent effect. Only aptamer A12 was able to form a stable GQ. The
arrangement of a deoxyguanosines in this aptamer gave us the
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Figure 1. Natural B deoxyguanosine and thymidine (A), and their a ano-
meric analogs (B).

first indication of the different type of GQ it may form. Indeed,
alternating anomeric GG pairs in the sequence of aptamer A12,
aa, and BB most likely argue in favor of similar conformations
adopted by each type of deoxyguanosine in both G-quartets.
This is not true for the unmodified TBA with alternating syz and
anti deoxyguanosines in every GG pair.’

Similar to the natural prototype, GQs modified in the loop
region did not show any signs of hysteresis in heating-cooling
cycles at the temperature ramp rate of 0.2 °C/min. Slow or fast
annealing of the samples before melting also did not affect the
observed denaturation profiles.

Aptamer Al12 with modified guanines demonstrated more
complicated melting behavior (Fig. S1). In 100 mM KCI, melt-
ing and annealing curves were not superimposable and appeared
to be biphasic. Melting curves showed dependence on the sample
preparation technique. The slow annealing rate during sample
preparation favored notable hysteresis and a minor transition at
approximately 60 °C. Instead, quick annealing of the sample in
ice decreased both hysteresis and high-temperature transition.
This high-temperature transition becomes larger at higher con-
centrations of aptamer A12. The opposite effect was observed at
a lower K* concentration. When 30 mM KCI was used in UV
melting experiments, the denaturation curve showed only one
major transition at 38 °C. These results most likely support the
formation of an intramolecular GQ A12 with an admixture of
intermolecular species at relatively high concentrations of KCl or
the aptamer.

To estimate the contribution of intermolecular admixture in
the folding of aptamer A12, we compared concentration depen-
dence of the T value for modified oligonucleotides A2 and
A12 in 100 mM KCI. Melting temperature of aptamer A12 was
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Figure 2. Thermal difference spectra (80 °C vs. 20 °C) of TBA and modi-
fied aptamers A6, A7, A12 in 10 mM sodium cacodylate (pH 7.2) and
100 mM KCl.

estimated at the minimum of first derivative for the major transi-
tion. Similar to aptamer A2, oligonucleotide A12 did not show
any significant T dependence on the aptamer concentration
(Fig. S2), thus suggesting the formation of unimolecular struc-
ture as a major folding mode.

Thermal difference spectra of the anomeric quadruplexes

All TBA analogs with detected secondary structure were fur-
ther characterized by their thermal difference spectra. A thermal
difference spectrum (TDS) is easily generated by subtracting the
UV spectra recorded above and below the melting temperature.
The TDS has a specific pattern that is unique for each type of
nucleic acid structure and reflects the conditions of base stack-
ing.?! Unmodified TBA and all loop modified GQs showed very
similar TDS signatures (Fig. 2; Fig. 83). Typical spectrum had
two major positive peaks around 240 and 275 nm and a negative
peak around 295 nm. Aptamer A12 with modified core showed
different TDS spectrum implying other character of stacking
interactions. TDS pattern of the aptamer A12 matches, neverthe-
less, specific signature of GQ family.

CD spectra of stable chimeric GQs

CD spectra are known to be highly sensitive to the type of GQ
structure.”? Two basic types of GQs, parallel and anti-parallel,
display very different CD patterns depending on the conforma-
tion of the guanines with respect to the deoxyribose. CD spectra
of unmodified TBA and loop-modified GQs gave identical curve
patterns at 20 °C in 10 mM sodium cacodylate (pH 7.2) and 100
mM KCI (Fig. 3; Fig. S4; Table 1). Two positive bands at 245
nm and 295 nm and a negative band at 265 nm refer to the anti-
parallel folding of aptamers with an unmodified G-core. This
conclusion is consistent with the data obtained from the TDS
measurements.

The CD spectrum of oligonucleotide A12 with a modified
G-core was typical for the parallel family of GQs, showing a
major positive band at 265 nm. Based on the commonly used
assignment model, the shape of the CD profile as observed in
Figure 3 indicates an anti conformation for all bases in the

www.landesbioscience.com

v T v T v T v T T T v 1
220 240 260 280 300 320 340

wavelength, nm

Figure 3. CD spectra of unmodified TBA and aptamers A6, A7, A12 at

Artificial DNA: PNA & XNA

20 °Cin 10 mM sodium cacodylate (pH 7.2) and 100 mM KCl.

G-quartets. However, more cautious conclusion suggests only
that both G-quartets in the aptamer A12 have the same polar-
ity.? Relative strand directions and base conformations (syn or
anti) cannot be resolved from CD data in this case.

CD spectra provide a sensitive measure of nucleic acid second-
ary structural changes. We used the temperature dependence of
the CD bands to characterize the melting transitions of modi-
fied GQs. No significant differences in melting temperatures
were found between the two different methods, CD and UV
(Table 1).

Folding mode of modified GQs

Spectroscopic studies of the oligonucleotide A12 gave few
indications on the formation of intermolecular species as an
admixture. To address the question of molecularity of modified
GQs using a different experimental technique, we analyzed fluo-
rescence polarization of ethidium bromide (EtBr) bound to TBA
aptamers and rotational relaxation times of GQ-EtBr complexes.
The latter parameter was used in our earlier studies to character-
ize various types of DNA complexes with respect to their rela-
tive molecular hydrodynamic volume.?** Upon excitation with
plane-polarized light a fluorophore bound to a larger molecule
emits light, which is depolarized to the extent the molecule is
free to rotate during the period between excitation and emission.
The fluorescence rotational relaxation time is proportional to
hydrodynamic volume of a molecule or a complex.?® We exam-
ined fluorescence polarization for unmodified TBA and those
chimeric aptamers with detected UV melting transitions at 5
wM concentration of oligonucleotides. Calculation of rotational
relaxation times gave us a value of 10.5 + 1.5 ns for TBA and
chimeric aptamers regardless of the type of modification. These
findings support an intramolecular folding mode for both loop-
and core-modified aptamers.

NMR studies of the aptamer A12

Aptamer A12 was found to form a folding structure, consist-
ing of two G quartets with the same polarity. We further char-
acterized this aptamer in NMR experiments. The imino proton
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Table 1. Sequences, biophysical and biochemical properties of modified aptamers

ID Sequence® T b(UV),°C T b(CD),°C CD (positive bands), nm ct::::i?g
TBA GGTTGGTGTGGTTGG 51.0 513 245/295 > 200
Al GGTTGGTGTGGTTGG <30 nd nd 13.9
A2 GGITGGTGTGGITGG 51.9 523 245/295 14.0
A3 GGTTIGGTGTGGTIGG 60.3 60.8 245/295 144
A4 GGITGGTGTGGITGG 40.7 39.7 245/295 15.1
A5 GGTTGGTGTGGTIGG 49.6 48.9 245/295 144
A6 GGTTGGIGIGGTTGG 41.7 425 245/295 > 200
A7 GGTTGGIGTGGTTGG 42.8 454 245/295 48
A8 GGTTGGTGTGGTTGG nd nd nd 14.6
A9 GGTTGGTGTGGTTGG nd nd nd 14.3
A10 GGTTGGTGTGGTTGG nd nd nd 14.3
AT1 GGTTIGGIGTGGTIGG 54.0 55.9 245/295 14.0
A12 GGTTGGTGTGGTTGG 38.9 39.8¢ 265 14.8
A13 GGTTGGTGTGGTTGG nd nd nd 15.3

Alpha nucleotides are underlined. At 5 M oligonucleotide concentration. ‘At a final aptamer concenration of 1.5 wM. YAt 265 nm.

region in the '"H NMR spectrum of aptamer A12 contains 10 res-
onances, including 7 well-resolved and 3 overlapping peaks. This
observation is consistent with a single GQ structure containing
two G tetrads and one TT base pair. Upon heating the sample
from 10 to 30 °C, the intensity of the signals from imino protons
dramatically decreased as a result of GQ unfolding. Two unre-
solved signals at 11.1 ppm showed a much faster decrease com-
pared with the rest of the imino protons, leaving only eight imino
resonances at 20 °C. The complete disappearance of imino reso-
nances was observed at 30 °C and above. Unequal rates of imino
signal fading certainly relate to specific pattern of GQ unfolding
and may be presumably associated with the collapse of the TT
base pair. Four low-field imino protons in the 11.5-11.9 ppm area
were characterized by notably reduced exchange rates with D,O
as shown in Figure 4. Selective deuterium exchange was observed
within one hour after D,O addition. This effect is highly charac-
teristic for shielded imino protons located in central G-tetrads.”
Like TBA, A12 has only two tetrads, but the G2-G5-G11-G14
one may be regarded as “central” since it is sandwiched between
the G1-G6-G10-G15 one and TT base pair.

In the last years diffusion ordered NMR spectroscopy (DOSY)
is becoming very popular as a tool for the indirect determination
of molecular weights of compounds in solution. Typically, DOSY
experiment results in a 2D plot with a chemical shift in one direc-
tion and a diffusion coefficient (D) in the other. Comparing the
diffusion coefficients of target molecules to that of references,
the molecular weight can be calculated.?® Recently, DOSY has
been used to detect dimerization of GQ structures.”” We applied
this new technique to confirm the molecularity of the folding of
aptamer A12. PEG 400, 6000, and 15000 were used as external
molecular weight markers. The diffusion coefficient measured
for aptamer A12 was ~8.2 x 107" m?s™". This value best matches
unimolecular folding of the aptamer as it fell between D values
for PEG 400 and PEG 6000 (Fig. S5). It appeared to be some-
what higher than the value derived from the PEG calibration
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graph for the mass 4726 (-5.6 x 107! m?s7™!). This difference cer-
tainly relates to the different nature of PEG calibrants and A12.
The aptamer is characterized by the compact folding and there-
fore has relatively small hydrodynamic volume of the molecule.
As a result an increased value for the diffusion coefficient was
observed.

Anticoagulant effect of chimeric aptamers

Clotting time measurements of modified aptamers taken at
37 °C are summarized in Table 1. These data suggest that oligo-
nucleotide A6, with a modified central loop, retained the anti-
coagulant properties of TBA. Additionally, weak anticoagulant
activity was observed for aptamer A7. The plot of clotting time
vs. aptamer concentration showed similar activities for both TBA
and aptamer AG up to a I WM concentration (Fig. 5). Estimation
of IC, for aptamers AG, A7 and TBA yielded the values of 320,
480, and 170 nM, respectively (Fig. S6) Interestingly, modified
aptamer AG was characterized by a relatively low T value by UV
melting, which is almost 10 °C lower than that of TBA. It has
been discussed in the literature that GQ thermal stability is not
associated directly with the anticoagulant activity of a modified
aptamer.” Our findings entirely agree with this conclusion. In
this way, the most stable aptamer A3 (T 60.3 °C) was shown to
be inactive in clotting time tests.

Resistance to nuclease cleavage

Formation of a GQ structure protects oligonucleotides from
rapid nuclease cleavage.’® However, loop regions expose single-
stranded fragments and make them accessible for digestion.
The protective effect of anomeric modifications was estimated
in comparative studies of selected aptamers by analyzing Sl
nuclease cleavage. This endonuclease selectively cleaves single-
stranded DNA and has been used for probing single-stranded
regions in different DNA structures, for example, in the studies
of cytidine tetraplexes.®® For the S1 nuclease resistance experi-
ment, we selected aptamers A6 and A7, which showed anticoagu-
lant activity, and aptamer All, bearing o residues in all three
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Figure 4. Imino proton NMR spectra of aptamer A12 at 10 °C in 10 mM
KH,PO, and 30 mM KCl, pH 7.0. Unequal exchange rate for imino protons.

loops. The results of nuclease cleavage at 37 °C are shown in
Figure 6. The stability of unmodified TBA in selected conditions
was extremely low. It took less than one minute to completely
degrade TBA. Oligonucleotides A6 and All showed increased
resistance compared with modified aptamer A7 after 1 h of expo-
sure to S1 nuclease. The arrangement of modified nucleotides in
aptamers A6, A7, and A1l does not provide any rationale for the
observed pattern of resistance. Nevertheless, it is evident that the
nuclease resistance of modified aptamers depends on not only the
nature of the nucleotides in the loop but also the extent of expo-
sure of looped regions. To further support this conclusion, we
added completely modified oligonucleotide A10 to the cleavage
study. The nuclease stability of the non-natural o random coil
was lower than that of structurally organized aptamers A6 and
All. For 1 h at 37 °C, we observed a virtually complete digest of
a oligomer A10 by S1 nuclease.

Discussion

Alpha anomeric modification of DNA has two important
implications for artificial DNA structure and properties. First,
anomeric DNA is unique in its ability to mimic strand reversal.
Anomeric oligodeoxynucleotides are known to form parallel het-
eroduplexes with natural DNA strands."” We have shown recently
that this mimetic ability may be exploited for the recognition of
base pair inversions in triplex DNA.* In antiparallel GQs, syn
guanines play a role of reversed strand mimetics. In this way,
o guanosines can presumably replace selected core nucleotides.
Therefore, core modifications represent substantial interest from
the structural point of view even regardless of their impact on
TBA activity. Particularly, the inability of o nucleotides to adopt
syn conformation® makes the design of modified GQs more
predictable in terms of folding topology. Thus, artificial GQ
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‘ Figure 5. The plot of clotting time vs. aptamer concentration. ‘

structures may emerge useful tools in the design of new thera-
peutic GQ scaffolds.

The second implication of anomeric modification relates to an
exceptional nuclease resistance of modified DNA strands. This
feature makes o nucleotides very promising as modifying units
for addressing lifetime issues of therapeutic GQ in vivo. We dem-
onstrated that, in respect to TBA, the nuclease resistance may be
greatly increased by selective modification in loop regions.

Considering specific structural characteristics of o nucleo-
tides, we could expect the formation of GQ structures by oli-
gonucleotides Al, A8, A12, and Al3 with the anomeric core.
However, anomeric modification of the TBA quadruplex core was
mostly incompatible with GQ assembly. Aptamer A12 was the
only oligonucleotide that formed GQ with mixed anomeric core.
The later circumstance raises particular interest to the structural
organization of this GQ. Formation of intramolecular GQ was
found to be the major folding mode of this oligonucleotide, as
confirmed by three different experimental methods. CD studies
suggest that two G-quartets of this GQ have the same base polar-
ity. NMR data support the formation of two G quartets and one
TT base pair, thus implying the presence of two lateral loops.**
Additionally, it should be taken into account that unlike natu-
ral 3 anomers, a nucleosides cannot adopt a syz conformation.?
Therefore, two a-deoxyguanosine strands must be arranged in
parallel. In this case one of two unimolecular topologies can be
proposed for GQ structure formed by aptamer A12, i.e., TBA-
like anti-parallel chair, or anti-parallel basket (Fig. 7) with all
anti guanines in either model. Unambiguous structure determi-
nation of this GQ requires further NMR or X-ray studies.

In the case of loop modifications, our primary goal was to
improve nuclease resistance, and we did not expect profound
changes in aptamer folding. Indeed, all loop-modified aptamers
formed TBA-like intramolecular GQs. The most stable chimeric
structures had anomeric thymines at positions 4 and 13. Based
on an NMR model of TBA, these bases are stacked with the
neighboring G-quartet in an unmodified aptamer and hydrogen
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bonded to each other’ Other NMR and crystallographic studies
of TBA highlighted an important role of T4-T'13 base pair stack-
ing on the stabilization of GQ structure.>* Modifications of the
TT loops that favor the optimal pairing of stacked thymines may
considerably increase the thermal stability of non-natural TBA.
The stabilization effect, similar in origin to that observed with o
anomers in TT loops, has been described previously for unlocked
nucleotide analogs.*® Substitution of unpaired T3 or T12 with a
flexible unlocked residue induced the optimization of stacking
between the adjacent T4-T13 base pair and the neighboring G
quartet.

The importance of T'T loop interactions in TBA structure sta-
bility is accompanied by their exclusive role in specific thrombin
recognition. T4 and T13 are mainly involved in polar interactions
with thrombin residues, whereas T3 and T12 form essentially
hydrophobic contacts.® Thus, the specific thrombin activity of
TBA should be highly sensitive to the modification of TT loops.
Indeed, anomeric substitutions in TT loops did not provide a
benefit for retaining aptamer activity. Conversely, anticoagulant
activity was essentially unaffected by the anomeric modification
of the central TGT loop in aptamer A6. It has been discussed
recently that the TGT loop is not involved in thrombin binding.®
This circumstance would certainly account for the biochemical
tolerance of the central loop to modifications. There have been
few examples of modifications in TBA loops in the literature,
which allow aptamer analogs to retain or to exceed natural proto-
type activity. Typically, the modifications affected either central
loop only or in combination with selected thymines in TT loops
as described for isodeoxyguanosine, 2'-fluoroarabinose, 4-thio,
and unlocked TBA analogs.'>!%173¢

Because the central loop is the most exposed region in the
TBA structure®® its modification may considerably improve
nuclease resistance of chimeric aptamers. Anomeric modifica-
tion in the TGT loop was shown to dramatically increase nucle-
ase resistance. Degradation of chimeric oligonucleotides by S1
nuclease was approximately two orders of magnitude less efficient
compared with unmodified TBA. We also observed certain dif-
ferences in nuclease resistance between modified aptamers A6,
A7, A10, and All. Cleavage results suggest that the protective
effect of modification is only partially due to the a nucleotide
substitution. Rearrangement in the loop that provides more
effective interaction of the loop nucleotides with each other and
the core also seems to be significant.

Conclusion

We have demonstrated that the effect of anomeric modifica-
tion of TBA is strongly dependent on the location of a nucleo-
tides. Aptamers modified in the loop regions retain their ability
to fold into unimolecular GQ structure. Modifications of the
GQ core in most instances prevent GQ assembly. Thermal sta-
bility of the loop-modified aptamers varies within wide tempera-
ture range. Considerable stabilization effect was observed for
anomeric substitutions at positions 4 and 13. Biochemical studies
of loop-modified aptamers showed that replacements in the TGT
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Figure 6. Digest of TBA and modified aptamers by S1 nuclease for 1 h at
37 °Cin the reaction buffer containing 20 mM KCI. Complete cleavage of
unmodified TBA proceeds in less than 1 min.

loop substantially increases the nuclease resistance of a chimeric
aptamer, providing the least interference with its anticoagulant
properties. We have found that a single core-modified aptamer
A12 was able to fold into unimolecular GQ structure. Results
of biophysical studies of this oligonucleotide suggest that either
TBA-like anti-parallel chair or anti-parallel basket topology can
be proposed for this GQ.

Materials and Methods

Oligonucleotides

DNA oligomers were synthesized using an ABI 3400 DNA/
RNA synthesizer. Modified phosphoramidites were purchased
from ChemGenes. Purification of oligodeoxynucleotides was
performed on a Hypersil ODS column (5 pm; 4.6 x 250 mm)
using 0.05 M TEAA (pH 7.0) and a linear gradient of MeCN
(10-50% and 30 min for DMTr protected oligodeoxynucleotides
and 0-25% and 30 min for fully deblocked oligodeoxynucleo-
tides). The flow rate was 1 mL/min. Removal of the 5-O-DMTr
group was achieved by treatment with 2% aqueous TFA for 1
min followed by Et,N neutralization and precipitation with 2%
LiCIO, in acetone. Oligonucleotide composition was confirmed
by MALDI mass spectrometry using a Bruker Reflex IV mass
spectrometer with hydroxypicolinic acid or 2-amino-5-nitropyr-
idine as a matrix.

UV thermal denaturation experiments and thermal differ-
ence spectra

Absorbance vs. temperature profiles were obtained with a
Shimadzu UV160A spectrophotometer equipped with a water-
jacketed cell holder. Dry nitrogen gas was flushed through the
cuvette to prevent the condensation of water at low tempera-
tures. Melting experiments were measured at 295 nm in 10 mM
sodium cacodylate (pH 7.2) and 30 mM or 100 mM KCI. The
solutions were heated at a rate of 0.2 °C/min. Melting points were
determined from derivative plots of the melting curves. Thermal
difference spectra were calculated from UV spectra of aptamers
at 80 and 20 °C. The oligonucleotide concentration was 5 WM.

Fluorescence polarization and lifetime of ethidium bromide
bound to GQs

Fluorescence polarization (P) of ethidium bromide (EtBr)
bound to the aptamers was measured using a Cary Eclipse
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Figure 7. Presumable folding topologies of aptamer A12. (A) Anti-parallel chair. (B) anti-parallel basket. ‘

spectrofluorimeter at 20 °C. The excitation wavelength was 540
nm, and the fluorescence intensity was registered at 610 nm.
Fluorescence polarization was calculated as described.?” The free
dye contribution was taken into account as described elsewhere.?
The concentration of EtBr was 4 uM, and the oligonucleotide
concentration was in the range of 4—6 pM. The fluorescence
lifetime (1) of EtBr:TBA complexes was evaluated using the Easy
Life V fluorometer. Fluorescence decay was registered using an
RG610 long pass filter and LED excitation at 525 nm. Rotational
relaxation time was estimated using the Perrin—Weber equation.?”

CD spectroscopy

Circular dichroism measurements were performed with a
Jasco-715 CD spectrometer equipped with a Peltier temperature
controller. The spectra were obtained at a bandwidth of 1 nm and
a spectral resolution of 0.2 nm; three scans were performed. CD
melting profiles were obtained at 295 nm (at 260 nm for aptamer
A12) in 10 mM sodium cacodylate (pH 7.2) and 100 mM KCL
The solutions were heated at a rate of 1 °C/min. Melting points
were determined from derivative plots of the melting curves.

'H NMR of the oligonucleotide A12

NMR samples were prepared at a concentration of ~0.3 mM in
0.6 ml H,0+D,0 (10%) or D,O buftfer solution having 10 mM
KH,PO,, 30 mM KClI, pH 7.0. 'H NMR spectra were recorded
with Bruker AVANCE II 300 MHz, Bruker AMX III 400
MHz and Bruker AVANCE II 600 MHz spectrometers (300.1,
400.1, and 600.1 MHz).'H chemical shifts were referenced rela-
tive to external sodium 2, 2-dimethyl-2-silapentane-5-sulfonate
(DSS). Proton spectra of samples in H,O+D,O were recorded
using pulsed-field gradient WATERGATE W5 pulse sequence
(zggpw5 from Bruker library) for H O suppression at different
temperatures. Measurements of the diffusion coefficients were
performed using 2D 'H DOSY NMR spectroscopy (Diffusion
Ordered SpectroscopY®) in D,O and H,0+D,O solutions at 10
°C. The diffusion measurements were performed using a bipo-
lar gradient pulse pair-stimulated echo sequence incorporating
a longitudinal eddy current delay (BPP-LED*’) with the diffu-
sion time (A) 100 ms and a longitudinal eddy current delay (T)
5 ms. For samples in a H,O+D,O solution, presaturation for
H,O suppression was used. The DOSY spectra were processed
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by Monoexponential Fitting using Bruker TopSpin software.
Polyethylene glycols (PEG) in the same buffer solutions with
average molecular weights 400, 6000, and 15000 were used as
the external calibrants of the molecular weight in DOSY spectra
in ~1:1 molar ratio to studied structure. The NMR data were
processed using Bruker XWIN-NMR and Bruker TopSpin 1.4,
2.0, and 2.1 software.

Clotting time measurements

Clotting time was measured according to the published
procedure’’ and the protocol of the assay kit manufacturer
(“Thrombin-TEST,” Renam). The citrate-stabilized serum (100
pL) was incubated for 120 s at 37 °C, and then thrombin and
an aptamer were added to the final concentration of the latter,
0.25-1.5 pM, and the clotting time was measured using a coagu-
lation analyzer (MiniLab-701, Unimed).

S1 nuclease cleavage

Oligonucleotides were dissolved at a concentration of 50 WM
in 30 L of reaction buffer containing 20 mM KCI. Samples were
heated to 100 °C and cooled slowly before the digest. Ten units
of S1 nuclease (Thermo Scientific) were added to the aptamer
samples. After incubation for 1 h at 37 °C, reaction mixtures
were precipitated with 2% LiClO, in acetone and analyzed by
electrophoresis in polyacrylamide gel. Electrophoresis was per-
formed with a 20% polyacrylamide gel in 7 M urea and 0.1 M
TBE at 25 °C.
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